Objective-The role of vitamin D deficiency in coronary artery disease (CAD) progression is uncertain. Chronic inflammation in epicardial adipose tissue (EAT) has been implicated in the pathogenesis of CAD. However, the molecular mechanism underlying vitamin D deficiency-enhanced inflammation in the EAT of diseased coronary arteries remains unknown. We examined a mechanistic link between 1,25-dihydroxyvitamin D-mediated suppression of nuclear factor-κB (NF-κB) transporter, karyopherin α4 (KPNA4) expression and NF-κB activation in preadipocytes. Furthermore, we determined whether vitamin D deficiency accelerates CAD progression by increasing KPNA4 and nuclear NF-κB levels in EAT. Approach and Results-Nuclear protein levels were detected by immunofluorescence and Western blot. Exogenous KPNA4 was transported into cells by a transfection approach and constituted lentiviral vector. Swine were administered vitamin D-deficient or vitamin D-sufficient hypercholesterolemic diet. After 1 year, the histopathology of coronary arteries and nuclear protein expression of EAT were assessed. 1,25-dihydroxyvitamin D inhibited NF-κB activation and reduced KPNA4 levels through increased vitamin D receptor expression. Exogenous KPNA4 rescued 1,25-dihydroxyvitamin D-dependent suppression of NF-κB nuclear translocation and activation. Vitamin D deficiency caused extensive CAD progression and advanced atherosclerotic plaques, which are linked to increased KPNA4 and nuclear NF-κB levels in the EAT. 
C oronary artery disease (CAD) and its complication, myocardial infarction arising from atherosclerosis, are the most common life-threatening cardiovascular disorders. Vascular endothelial dysfunction, increased inflammatory cytokine release, immune cell infiltrates, and subsequent stimulation of vascular smooth muscle cell proliferation are the pathophysiological basis of atherosclerosis. The inflammatory signals are classically considered to originate from blood-borne immune cells. 1 However, accumulated data from the past decade indicate that pathogenic inflammatory adipokines from epicardial adipose tissue (EAT) contribute to the development and progression of CAD. [2] [3] [4] The majority of clinical data have demonstrated that EAT volume is a strong predictor of coronary atherosclerosis and directly associated with the severity of atherosclerotic lesions. [5] [6] [7] EAT is located between the outer wall of the myocardium and the visceral layer of pericardium. Almost all coronary atherosclerotic lesions occur in the segments of coronary arteries that are encased in EAT. In contrast, the arterial segments associated with the myocardial bridge, which is absent of EAT, have limited or no atherosclerotic plaques. 8, 9 Furthermore, the excision of dysfunctional EAT slows the progression of porcine coronary atherosclerosis and transplantation of inflammatory perivascular adipose tissue accelerates the progression of atherosclerosis. [10] [11] [12] These studies provide sufficient evidence that the inflammation-induced dysregulation of EAT plays an important role in promoting the progression of CAD. Compared with other adipose deposits, EAT displays a unique phenotype and is able to produce local inflammatory cytokines to influence the progression of CAD. 13 These cytokines predominately consist of nuclear factor kappa B (NF-κB) transcription factor and the products of its target genes, including monocyte chemoattractant protein-1, interleukin (IL)-6, IL-8, IL-1β, and tumor necrosis factor (TNF)-α. Therefore, it is important to distinguish EAT from the pericardial fat, which consists of EAT and paracardial fat. The latter is located between the parietal and visceral pericardium.
Activation of NF-κB has been implicated in physiological immunity and pathological inflammation in many different tissues and cells. [16] [17] [18] The NF-κB family consists of 5 members: RelA (p65), NF-κB1 (p105/p50), NF-κB2 (p100), RelB, and c-Rel, which share ≈300 amino acid-long N-terminal Rel homology domain. In the resting state, the inhibitor of κB protein (IκB), IκBα, binds to NF-κB dimer through a robust nuclear export sequence. This binding masks the nuclear localization signals of p65 to keep the dimer in the cytoplasm. On activation either by canonical or noncanonical pathways, IκBα is phosphorylated, which leads to rapid, signal-induced polyubiquitination and degradation by the proteasome. The liberating NF-κB complex with unmasked nuclear localization signals binds to karyopherin alpha 4 (KPNA4; also known importin α3), a nuclear membrane protein that functions as a part of the shuttling of protein nuclear translocation.
19 KPNA4-importin β complex recognizes and binds to nuclear localization signals in the NF-κB dimer, p65/p50. The reaction docks KPNA4-importin β-NF-κB complex to the cytoplasmic side of the nuclear pore complex, leading to the translocation of NF-κB dimer into the nucleus. It has been shown that the activation of the NF-κB complex is facilitated predominantly by KPNA4-mediated nuclear translocation. 20 The nuclear NF-κB dimer acts as a transcription factor that binds to both promoter and enhancer elements in its target genes to regulate both transcriptional activities and chromatin remodeling.
Vitamin D exerts anti-inflammatory activity and has a cardiovascular protective function, [21] [22] [23] in addition to its regulation of calcium and phosphorus metabolism. Vitamin D is synthesized in the skin by ultraviolet light exposure or from diet and hydroxylated in the liver to generate 25-hydroxyvitamin D, the plasma vitamin D marker. The latter is hydroxylated by 1α-hydroxylase in the proximal renal tubule or local tissues to generate 1,25-dihydroxyvitamin D (VD3), a biologically active form of vitamin D. VD3 as a nuclear hormone regulates gene transcription and exerts its biological effects through binding to the vitamin D receptor (VDR). Recent human studies have shown that vitamin D deficiency is an independent risk factor associated with CAD. [24] [25] [26] However, whether vitamin D deficiency directly causes the progression of CAD or vice versa remains unclear. It is possible that patients with progressive CAD reduce outdoor activity or vitamin D intake caused by low appetite, leading to vitamin D deficiency. It has been shown that vitamin D signaling inhibits NF-κB activation in many kinds of cells including adipocytes. [27] [28] [29] [30] [31] However, the exact molecular mechanism remains to be elucidated. Vitamin D deficiency increases the expression of the NF-κB target gene, monocyte chemoattractant protein-1, TNF-α, and IL-6 in swine EAT, 32 and CAD patients with vitamin D deficiency have elevated inflammatory cytokines in the EAT. 33 These results indicate that vitamin D signaling negatively regulates NF-κB activation in EAT. However, the molecular mechanism underlying vitamin D deficiency-enhanced NF-κB activation in EAT is largely unknown. Here, we examined VD3-mediated suppression of KPNA4 expression and reduction of NF-κB activation, and a mechanistic link between the 2 proteins in swine epicardial preadipocytes. Furthermore, we determined whether vitamin D deficiency accelerates CAD progression by increasing nuclear NF-κB and KPNA4 levels in the EAT of swine fed an atherogenic diet.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

VD3 Inhibits NF-κB Activation
To determine the molecular mechanism by which VD3 inhibits NF-κB activation, we established a primary culture of preadipocytes from adult swine EAT. After the treatment with 10 -8 mol/L VD3 (the same concentration used in all experiments in this study) for 24 hours and TNF-α (20 ng/mL, an optimum dose was used in this study; Figure IA in the online-only Data Supplement) for 25 minutes, the cells were fixed for immunofluorescent assay. As shown in Figure 1A , VD3 alone had no effect on the intracellular location of p65, a major NF-κB unit, compared with control. TNF-α stimulated p65 nuclear translocation from cytoplasm, showing that almost all p65 proteins were located in the nuclei. Treatment with VD3 prevented TNF-α stimulated p65 translocation from cytoplasm to nuclei. To confirm and quantify VD3-dependent suppression of NF-κB activation, the preadipocytes were treated as described above and the nuclear extract was prepared for Western blot analysis. As shown in Figure 1B , treatment with TNF-α resulted in a 4-to 7-fold increase in the levels of nuclear p65. Preincubation of VD3 had no effect on basal nuclear p65 levels, but significantly reduced TNF-α induced nuclear p65 by 65%. The nuclear translocation of p65 is essential and the critical step for NF-κB activation. These results provide convincing evidence that TNF-α stimulates NF-κB activation through cytoplasmic to nuclear translocation in the preadipocytes, which is blocked by VD3. In addition to its suppressive effect on TNF-α-stimulated activation of NF-κB, VD3 also inhibited another proinflammatory stimulus, IL-1β-induced NF-κB nuclear translocation ( Figure IB in the online-only Data Supplement).
To determine whether IκB plays a potential role in VD3-mediated inhibition of NF-κB activation, we treated the preadipocytes with VD3 or TNF-α for different time periods. As shown in Figure 1C , treatment with TNF-α led to 4-fold increase in IκBα phosphorylation. However, VD3 had no significant effect on TNF-α-stimulated IκBα phosphorylation, suggesting that the exact molecular mechanisms remain unclear, and another potential target may be responsible for the VD3 effect. 
VD3 Suppresses KPNA4 Expression Through Increased VDR Expression
To explore the molecular mechanism on the suppressive role of VD3 in NF-κB activation, we focused on the nuclear membrane transporter KPNA4, a major shuttle responsible for the transportation of activated NF-κB from cytoplasm to nucleus. As demonstrated in Figure 2A , VD3 inhibited KPNA4 mRNA expression starting at 3-hour treatment through 24 hours of VD3 exposure. The maximum inhibitory effect of VD3 was ≈70% after 6-hour incubation. The reduction of mRNA levels was accompanied with decreased KPNA4 protein expression. Treating cells with VD3 for 12 and 24 hours led to a 50% and 75% reduction of KPNA4 translation, respectively ( Figure 2B ). These results suggest that VD3 inhibits NF-κB activation possibly through the suppression of KPNA4 transcription and translation. To examine whether VD3 amplifies VDR expression, we incubated the preadipocytes with VD3 at different time periods. As shown in Figure 2C , exposure to VD3 for 5 hours resulted in a 4-fold increase in VDR expression. VDR levels decreased with time, but maintained significantly high level compared with control throughout 24-hour treatment. To determine whether the increased VDR levels contribute to the effect of VD3 on the suppression of KPNA4 expression, we knocked down VDR expression by the specific siRNA. As expected in Figure 2D , VDR siRNA effectively blocked VDR expression and significantly reduced VD3-induced VDR levels compared with those in control siRNA. Knockdown of VDR disrupted the suppressive role of VD3 in KPNA4 expression ( Figure 2E ), suggesting that VD3-mediated inhibition of KPNA4 expression is VDR dependent. VD3 can be synthesized and degraded locally in many different cells by 1-α-hydroxylase and 24-hydroxylase, respectively. To determine whether these 2 enzymes express in the preadipocytes, which are regulated by VD3, the cellular extracts prepared as above were detected with antibodies against these 2 enzymes. The expression of both enzymes was significantly lower than that of VDR. VD3 had no significant effect on 1-α-hydroxylase and 24-hydroxylase expression ( Figure IIA and IIB in the online-only Data Supplement).
To explore whether prohibitin plays a potential role in the VD3-mediated anti-inflammatory process, we treated preadipocytes with VD3 or TNF-α for different time periods. Neither VD3 nor TNF-α had a significant effect on prohibitin mRNA or protein levels ( Figure IIC and IID in the online-only Data Supplement). These results ruled out the participation of prohibitin in the anti-inflammatory role of VD3 in the preadipocytes. To detect whether TNF-α exerts any effect on KPNA4 expression, we incubated the cells with TNF-α for 6, 12, and 24 hours. Western blot data showed no significant effect of TNF-α on KPNA4 protein levels ( Figure IIIA in the online-only Data Supplement). To examine whether TNF-α rescues VD3/VDR-induced reduction of KPNA4 expression, we treated the cells with TNF-α in presence or absence of VD3. TNF-α had no significant effect on VDR expression (Figure IIIB in the online-only Data Supplement). As shown in Figure 2F , VD3 alone significantly decreased KPNA4 expression, and the effect was not markedly changed by the combined treatment of VD3 and TNF-α. These results indicate that TNF-α-dependent activation of NF-κB is not implicated in KPNA4 expression, but VD3 prevents the translocation of activated NF-κB from cytoplasm to nuclei, which is likely because of suppression of KPNA4 expression. 
VD3 Reduces NF-κB Activation Through Targeting KPNA4
To determine a mechanistic link between vitamin D-dependent reduction of KPNA4 and suppression of NF-κB activation, we used 2 independent gain-of-function approaches to elucidate this question. First, we made KPNA4-lentivirus-GFP expression vector to generate the viruses, and then used the viruses to infect the preadipocytes. KPNA4-positive cells were selected by puromycin, and exogenous KPNA4 expression was confirmed by the detection of GFP expression ( Figure IV in the online-only Data Supplement). We then cultured KNPA4-positive preadipocytes and pretreated them with VD3 for 24 hours and TNF-α for 25 minutes. Cells were then fixed for immunofluorescent assay. As shown in Figure 3 , VD3 alone had no effect on the cellular distribution of p65, and TNF-α promoted p65 nuclear accumulation in KPNA4-positive cells, which were similar in wild-type cells. However, in KPNA4-positive cells, VD3 failed to block TNF-α-induced p65 nuclear translocation, suggesting that rescuing vitamin D-mediated suppression of KNPA4 levels by increased KPNA4 expression restores the ability of TNF-α-mediated NF-κB nuclear translocation in the presence of VD3. Second, to examine whether increased KPNA4 expression participates in the effect of VD3 on NF-κB function, we transfected CMV6 (cytomegalovirus 6) promoter-driven KPNA4 expression vector with NF-κB-luciferase/renilla-luciferase into preadiopocytes, and then treated cells with VD3 for 24 hours and TNF-α for the final 8 hours. As shown in Figure 4 , treatment with TNF-α led to a 3-fold increase in NF-κB luciferase activity normalized to renilla-luciferase activity (P<0.01). This was significantly reduced by ≈50% with VD3 treatment (P<0.01), indicating that VD3 is able to block TNF-α-mediated NF-κB activation. Cotransfection with 0.1 μg of KPNA4 expression vector modestly decreased VD3-dependent inhibition of NF-κB activation by ≈25% (P<0.05). Increased KPNA4 expression by cotransfection with 0.3 μg of the vector led to complete recovery of vitamin D-mediated inhibition, suggesting that KPNA4 dose dependently rescues VD3-mediated suppression of NF-κB activity. Of note, transfection of 0.3 μg of KPNA4 significantly increased TNFα-induced NF-κB luciferase activity compared with that of control vector (P<0.05), suggesting that increased KPNA4 levels would promote available NF-κB from cytoplasm to nuclei. Taken together, these results provide a mechanistic link between VD3-mediated suppression of KPNA4 expression and NF-κB activation and suggest that KPNA4 is a major target responsible for vitamin D-mediated suppression of NF-κB activation in the preadipocytes.
Vitamin D Deficiency Exacerbates the Progression of Swine CAD Linked to Increased KPNA4 and Nuclear p65 Levels in the EAT
To determine a causal relationship between vitamin D deficiency and CAD progression, we fed swine with vitamin D-deficient or vitamin D-sufficient hypercholesterolemic Table I in the online-only Data Supplement). As shown in Figure 5 , administration of the vitamin D-sufficient hypercholesterolemic diets for 1 year led to the development of atherosclerotic plaques, which were similar between C-1 and C-2 groups (≈15% versus ≈12% stenosis). The novel results here are that vitamin D deficiency accelerated CAD progression on either Diet-1 or Diet-2 versus the control diet (≈35% versus ≈15% stenosis on Diet-1, P<0.01; ≈50% versus ≈12% stenosis on Diet-2, P<0.01), and that as shown in Figure 5E , the severity of vitamin D deficiency seems to be causally related to the extent of CAD progression (≈35% stenosis on Diet-1 in Figure 5C with 25-hydroxyvitamin D levels of ≈17 ng/mL versus ≈50% stenosis on Diet-2 in Figure 5D with 25-hydroxyvitamin D levels at ≈7 ng/mL). Furthermore, the atherosclerotic plaques were more advanced in swine fed Diet-2 ( Figure 5C ) compared with the plaques in swine fed Diet-1 ( Figure 5A ).
To examine whether vitamin D deficiency-dependent exacerbation of CAD progression is linked to an increase in KPNA4 and nuclear NF-κB levels in EAT, the EAT of the right coronary arteries as shown in Figure V in the online-only Data Supplement from the swine on Diet-2 or C-2 diet was isolated and embedded for quantitative immunofluorescent assay. The administration of vitamin D-deficient Diet-2 led to a >2-fold increase in KPNA4 expression (P<0.01) and nuclear NF-κBp65 levels (P<0.01) in the EAT compared with the levels in the EAT of vitamin D-sufficient swine ( Figure 6 ). These results suggest that vitamin D deficiency-induced increase in KPNA4 expression promotes the transport of more activated NF-κB complexes into the nuclei, leading to NF-κB activation and an inflammatory reaction in EAT, contributing to the progression of CAD.
Discussion
The major findings in this study are as follows: (1) VD3 inhibits NF-κB activation and reduces KPNA4 levels through increased VDR expression in preadipocytes from swine EAT; (2) exogenous KPNA4 rescues VD3-dependent suppression of NF-kB activation; and (3) vitamin D deficiency exacerbates the progression of swine CAD linked to increased KPNA4 and nuclear p65 levels in the EAT.
VD3 has been shown to exert anti-inflammatory activities in adipose tissue. 34 Activation of NF-κB signaling plays a central role in an inflammatory reaction. 17 Several studies have demonstrated that VD3 inhibits inflammation and cytokine release through suppression of NF-κB activation. [27] [28] [29] [30] [31] However, the precise molecular mechanism remains largely unknown. In this study, we established the primary preadipocyte culture from adult swine EAT to elucidate the inhibitory effect of VD3 on TNF-α-stimulated inflammatory reaction. It has been shown that human preadipocytes produce significantly higher inflammatory adipokines than mature adipocytes. 35 We found that TNF-α rapidly stimulated NF-κB translocation from cytoplasm to nuclei and drove the transcription of the target gene containing κB-response elements, and the effects were significantly blocked by VD3. Furthermore, VD3 also inhibited IL-1β-induced NF-κB activation. These findings provide strong evidence that VD3 is able to prevent the activation of the NF-κB signaling pathway in preadipocytes. Some, 29, 30 but not one, 31 studies have shown that VD3 reduces NF-κB activation via targeting IκBα expression or phosphorylation, a key step in NF-κB activation that releases the NF-κB complex, leading to its nuclear translocation. In our culture system, we confirmed that TNF-α stimulated phosphorylation of IκBα. However, we did not see a significant effect of VD3 on the either expression or TNF-α-stimulated phosphorylation of IκBα. Although the inconsistent results might be because of different cell types or different cultured conditions, our results rule out that IκBα is a critical target responsible for VD3-dependent suppression of NF-κB activation in the preadipocytes.
Previous studies have shown that activated NF-κB is transported into nuclei predominantly by KPNA4, 18, 20 and VD3 is able to inhibit KPNA4 expression in bronchial smooth muscle cells. 36 However, it remains to be elucidated whether VD3-mediated inhibition of KPNA4 is responsible for its reduction of NF-κB activity. We demonstrated that VD3 exerted its maximum inhibitory effect on KPNA4 transcription and translation after 6-and 24-hour incubation, respectively. VD3 induced VDR expression with a maximal effect at 5 hours, and the induction was still significant, but gradually decreased with the time of treatment. The effect is temporally orchestrated with its inhibitory role in KPNA4 transcription. Furthermore, the suppressive role of VD3 in KNPA4 expression disappeared by the knockdown of VDR, suggesting that VD3 inhibits KPNA4 expression through amplification of VDR levels. Preadipocytes also expressed low levels of 1α-hydoxylase and 24-hydroxylase. However, VD3 had no significant effect on their expression. These results indicate that VD3 gradually decreases its inhibitory effect on KPNA4 mRNA levels predominately associated with attenuated VDR induction, rather than increase in its degradation or decrease in local VD3 synthesis.
Because KPNA4 is responsible for NF-κB transportation from cytoplasm to nuclei, a critical step for NF-κB activation, VD3-mediated suppression of KPNA4 transcription leading to impaired KPNA4 protein levels may be associated with attenuated NF-κB activation in the preadipocytes. To determine a causal link between VD3-dependent inhibition of KPNA4 expression and NF-κB activation, we performed 2 independent gain-of-function experiments. Our key finding in the present study is that increases in KPNA4 levels by 2 different exogenous expression vectors provide multiple KPNA4 shuttles for activated NF-κB transportation from cytoplasm to nuclei. This process rescues VD3-dependent suppression of TNF-α-induced NF-κB nuclear translocation and transcriptional activity. The novel finding provides a mechanistic explanation that VD3 inhibits NF-κB activation through suppression of KPNA4 expression, reducing the reserved nuclear transporter number and thus leading to the retention of accumulated free NF-κB dimer in the cytoplasm.
It remains unclear whether VD3 directly or indirectly inhibits KPNA4 transcription. Prohibitin has been shown to inhibit KPNA4 expression in intestinal epithelial cells, 37 and VD3 increases prohibitin levels in bronchial smooth muscle cells. 38 These studies suggest that vitamin D may suppress KPNA4 expression through the upregulation of prohibitin expression in the preadipocytes. However, our data revealed no effect of VD3 on prohibitin mRNA and protein levels, suggesting that prohibitin does not mediate VD3-dependent suppression of KPNA4 expression in the swine preadipocytes. Whether VD3 negatively controls NF-κB activity through a direct binding to KPNA4 promoter needs further investigation. . The experiments were performed using the sections from right coronary arteries and the EAT of 3 different swine from each group. karyopherin α4 (KPNA4; A) and nuclear p65 (B) levels were determined by the overlap of the staining using the specific antibodies and DAPI. The representative immunofluorescent images are shown and the graphs display the intensity of immunofluorescence measured in relative units (RU) in ≈150 nuclei in 5 to 6 random fields from 3 animals per group. **P<0.01 vs individual control group. DAPI indicates 4′,6-diamidino-2-phenylindole.
Human observational study has shown that vitamin D deficiency is associated with the extent of CAD. 26 However, data from the observational studies cannot answer the critical question whether vitamin D deficiency leads to CAD progression or vice versa. In addition, there are many confounders that affect the conclusion from observational studies, including participants with different ages, sexes, races, outdoor activity, vitamin D intake, obesity, histories of renal failure, stroke, hypertension, and other chronic diseases. In contrast, the anatomy and physiological function of coronary arteries in swine are similar to human, and the confounding factors mentioned above can be eliminated using the swine model. We administered 2 groups of swine with hypercholesterolemic diets containing deficient or sufficient vitamin D for 1 year. All other conditions were kept the same for each swine. Our results provide a direct causal relationship between vitamin D deficiency and CAD progression. One year later, we repeated the above experiment using a severely vitamin D-deficient diet. Combining the data from the different vitamin D diets, the findings in this study show that the severity of vitamin D deficiency seemed to be causally related to CAD progression and advanced stage atherosclerotic plaques in swine fed hypercholesterolemic diets.
Although a mechanistic link between dysfunction of EAT and CAD has not been completely established, increased EAT volume resulting in the dysregulation of inflammatory adipokine release contributes to the development and progression of CAD. 3, 4, 39 Studies have shown that the administration of inflammatory mediators outside the arterial adventitia leads to immune cell invasion, increases in intimal thickness, and arterial remodeling, 40, 41 and increased coronary vasa vasorum neovascularization precedes endothelial dysfunction in swine fed a high-cholesterol diet. 42, 43 These data suggest that local adipokines from EAT could diffuse into interstitial fluid across the adventitia into the vascular wall by paracrine factors or be directly transported into downstream coronary arteries by vasocrine factors. This hypothesis supports a notion of outside to inside signaling of atherosclerosis, in which the inflammatory milieu in EAT promotes the development and progression of CAD. Recently, in atherosclerotic swine, McKenney et al 11 clearly showed that EAT excision attenuated the progression of CAD, but their observation did not have a clear mechanistic link. Here, we provide critical data on EAT signaling mechanisms underlying CAD. Vitamin D deficiency increases nuclear translocation of freely available cytoplasmic NF-κB complexes generated by an atherogenic diet through increased KPNA4 expression, leading to enhanced NF-κB activation in EAT, which contributes to CAD progression.
